Short tandem repeats (STRs) are repetitive DNA sequences that are highly polymorphic and widely used for personal identification in the field of forensic medicine. The standard method for determining the repeat number of STRs is capillary electrophoresis of PCR products; however, the use of DNA sequencing has increased because it can identify same-sized alleles with nucleotide substitutions (iso-alleles). In this study, we performed human STR genotyping using a portable nanopore-based DNA sequencer, the MinION, and evaluated its performance. Because the sequence quality obtained by MinION is considerably lower than those obtained with other DNA sequencers, we developed an original scoring scheme for judging the genotypes from MinION reads. Analysis of seven human samples for 21-45 STR loci yielded an average of 857 thousand reads per sample, and the accuracy of genotyping and iso-allele identification reached 75.7% and 82%, respectively. Although the accuracy is higher than that reported previously, further improvements are required before this method can be practically applied.
Introduction
A short tandem repeat (STR) in the genome is a microsatellite containing a specific number of nucleotides repeated several to hundreds of times. Because the number of STRs in a locus varied greatly depending on the individual, detection of repeat number variations for multiple STR alleles in human genomes are widely used for identification purposes. In forensic analysis, variations in STR loci are detected by multiplex polymerase chain reaction (PCR) and capillary electrophoresis. Sequencing-based STR typing methods have been developed, which can detect nucleotide variations in STRs, improving the accuracy of human identification [1] . Recently, a portable nanopore-based DNA sequencer, the MinION (Oxford Nanopore Technologies, Hampshire, UK), was launched. This device can successively sequence a very large number of nucleotide sequences (~10G base pairs per run) and is not limited by read length [2] . However, the quality of MinION sequencing is~85% [3] , which is lower than that obtained using more common DNA sequencers. For human DNA STR identification, numerous studies have utilized commercially available DNA sequencers [4] [5] [6] [7] , while few studies have employed MinION sequencing [8] . Therefore, to evaluate the efficiency of MinION sequencing for human STRs, Table S1 for the detailed sequencing results). Raw data (FAST5 files) were obtained using MinKNOW software version 18.12.9 (Oxford Nanopore Technologies), which were converted to FASTQ files and sorted into each sample depending on their barcode sequences by using Guppy software version 2.3.5 (Oxford Nanopore Technologies).
Results and discussion
For each human sample, the obtained reads were compared with sequences of all known STR alleles using the SSEARCH program [11] and were assigned to the most probable alleles (see Supplementary Methods for the details). Figure 1 shows the violin plot [12] of −log(Evalue) for all the reads assigned to one of D13S317 alleles from 2800M. The horizontal axis corresponds to the 10 known alleles of the D13S317 locus, which contain one isoallele at genotype 11, as described in the POPSeq database (https://github.com/sethadam30/POPSeq). We then calculated the sum of −log(E-value) over all assigned reads for each allele. Finally we calculated the "allele-judgment score" for each allele by dividing the sum of −log(E-values) by the maximum sum in a given locus (allele 9 in this case). The allele-judgment scores are shown in the bottom of Fig. 1 , resembling to the peak heights in capillary electrophoresis. We regarded STR alleles that show more than 50% allele-judgment scores as correct alleles in a given sample. This threshold was determined considering the distribution of the allele-judgment scores for correct and incorrect alleles of autosomal and Y-chromosomal alleles. In this case, scores for allele 9 and allele 11-a exceeded 50% as shown in the bottom of Fig. 1 . These two alleles are what the manufacturer showed as correct alleles, so these results are valid. Importantly, our MinION sequencing identified the correct iso-allele 11-a as was previously reported [4] . In this way, 33 loci were correctly genotyped among the 45 loci in the 2800M sample. Two loci showed a drop-out, and ten loci showed one or two drop-in (Table S2 ). For the other six anonymous Japanese samples [9] , we first performed STR genotyping by using the GlobalFiler PCR Amplification Kit, AmpFlSTR Yfiler™ PCR Amplification Kit and GeneMapper ID X (Thermo Fisher Scientific, Waltham, MA, USA), and compared the results to those obtained by MinION sequencing. The overall accuracy of genotyping of the seven samples was 75.7% (Table 1) . Mis-judgments occurred in some specific STR loci (Table S2 ). The reason for it is not simple, but it could be affected by various factors including the number of alleles, lengths of repeats and flanking sequences, error rates of sequence reads, accuracy of base-caller, and the method of alignment. Note that the results of female's Yfiler loci were excluded from the statistics for simplicity. Since a previous study utilizing the nanopore sequencer achieved as high as 57% accuracy in sequence-based prediction [8] , our study showed better accuracy for STR genotyping, probably due to the advantage of our original scoring scheme. In addition, the 2800M sample is reported to contain 11 iso-alleles [4] . By MinION sequencing, we successfully identified 9 of the 11 iso-alleles (82% accuracy) as shown in Table 2 .
To summarize, our STR genotyping and iso-allele identification using the MinION sequencer showed lower accuracy than the other commercially available sequencers [1, [4] [5] [6] [7] . However, if we consider various advantages of MinION sequencing such as portability and speed [13] , there still is room for further examination in STR genotyping by using MinION. Advancements in nanopore sequencing quality and improvements of bioinformatics algorithm are required before we can put this device into practical use. 
